INTRODUCTION
A significant number of commercial and military airplanes currently in service have exceeded their design service lives. It is of great importance to monitor the initiation and propagation of flaws in such aging aircraft structures to ensure their safety and integrity. This paper is concerned with the nondestructive evaluation of corrosion cracks emanating from rivet holes in typical aircraft structural components. Conventional NDE techniques require point-by-point inspection, a time-consuming and often unreliable process. Guided waves, which direct wave energy along the plate, carry information about the status of the material in their path and offer a more efficient tool for the inspection of structural components. Using a pitch-catch technique, with one transducer as a transmitter wave and two or more transducers as receivers placed at different positions around the rivet hole, guided waves can be launched and detected to inspect plate-like structures, line by line, thus increasing the inspection efficiency significantly. By studying the characteristics of the received signals, information about the condition of the rivet holes can be obtained.
Theoretical and experimental studies of guided waves in ultrasonic nondestructive evaluation are limited. The interaction of symmetric Lamb waves with a free edge was first studied by Torvik [1] , where a variational technique was used to derive the modal coefficients. The anti symmetric case was studied by Mal, Chang and Gorman [2] . A limited amount of experimental studies were carried out by Mal, Chang and Gorman [2] ; Mal etal. [3] and Alleyne and Cawley [4] .
In this paper, the problem of guided waves propagating in an infinite plate and interacting with a rivet hole with or without cracks is studied both theoretically and experimentally. A hybrid method called the global local finite element method is used in the theoretical model. Experiments in which guided waves propagate across defects are also carried out. The results from the theoretical model and the experiments are compared and discussed.
THEORETICAL MODEL
The global local finite element method combines a local finite element analysis with an analytical global function representing the far field. The infinite plate is divided into two parts by the mesh boundary, as shown in Figure I . The region inside the mesh boundary is analyzed by conventional finite element method, while the behavior of waves outside the mesh boundaries is represented by Lamb wave modal expansions in 3-D. Application of the continuity condition across the mesh boundary leads to a system of overdetermined, complex, linear equations, which is then solved by the least square method. The details of the method can be found in Chang and Mal [5] .
In this study, the fundamental symmetric mode propagating along the x-axis is used as the incident wave. After the incident wave is scattered by the circular hole (with or without cracks), Lamb waves are induced and are radiated away from the circular hole. Here the Lamb waves are used as the global functions for the global local finite element method, the expressions for the Lamb waves in 3-dimension were derived by Chang [6] and are not presented here. The frequency domain displacement components associated with the global functions can be expressed in the following forms :
Type I (Quasi-Torsional Mode) (I) where n = 1,2,3, ..... , Hn(l) is the Hankel function of the first kind of order n, and k2 is the wave number of the shear wave; k2 is related to the frequency wand shear wave speed c 2 through k 2 =w/c 2 . where
where c l and c 2 are the P and S-wave speeds. The associated dispersion equation is
Type 3 (Anti symmetric Mode)
where 2 H) and the associated dispersion equation is It should be noted that in the far field (r ~ 00), the wave motion represented by the global function becomes two dimensional and decouple into an anti-plane (SH) motion (Type 1) and in-plane symmetric (Type 2) and anti-symmetric (Type 3) Lamb waves. It should be also noted that the roots of the dispersion equations (5) and (8) may be real or complex. At a given frequency, there are a finite number of real roots and an infinite number of pure imaginary or complex roots. The propagating modes are associated with the real roots of the dispersion equations and their amplitudes decay due to geometrical spreading of energy as they propagate away from the source. The non-propagating modes are associated with the complex roots of the dispersion equations and their amplitudes decay exponentially with distance from the source. According to Vasudevan and Mal [7] , the effect of the nonpropagating modes can be ignored at points about twice of the plate thickness away from the wave source. In the present problem the scattered field is generated by virtual sources located on the rivet hole and the cracks. The mesh boundary is placed at least twice the plate thickness away from this region. Thus the non-propagating modes can be ignored outside the mesh boundary and only the propagating modes are used as the global functions.
The 3-D global local finite element method discussed above was implemented into a computer code and was used to analyze the interaction of Lamb waves with a rivet hole, with or without crocks. The properties ofthe plate are shown in Table 1 , and Figure 1 shows a typical fmite element mesh for the problem. The diameter of the hole is 6.4 rom, which is four times the plate thickness. Two different sizes of cracks oflengths 1.6 rom and 3.2 mm were introduced to the hole. For the case of the circular hole without cracks, the mesh boundary is located at a distance of four times the plate thickness away from the center of the hole. For the cases of the circular hole with cracks, the mesh boundary is located at a distance of six times the plate thickness away from the center of the hole.
RESULTS AND DISCUSSION
The three problems stated above are analyzed both theoretically and experimentally. The experimental setup is shown in Figure 2 . A train of cosine waves modulated by a Gaussian envelope is generated by a progmmmable function generator. The wave train is sent to both the Fracture Wave Detector and the amplifier; the amplified signal is then sent to a wedge transducer. Two matched contact type transducers are used as receivers, and the received signals are sent to the Fracture Wave Detector, which in turn sends the signals collected from the function generator and the receivers to a computer for storage and analysis. Square aluminum plates of thickness 1.6 rom and dimension 30 cm x 30 cm were used to conduct the experiments. The circular hole is located at the center of the plate. On two of the specimens, two crocks ofthe same length were introduced to the rivet hole by using the Electric Discharge Machine (EDM). The arrangements of the receivers are shown in Figure 3 without cracks, we do see the signatures of the cracks. In the reflected fields, these signatures are easily identified by inspecting the frequency spectra of the reflections. In the transmitted fields, the signatures of the cracks can be found in the time histories also. The transmitted wave for the specimen without cracks is almost the same in shape as the incident wave, while the transmitted wave for the specimen with cracks has an additional small tail. More detailed and extensive research is needed for the method to be applied to practical situations involving complex geometrical features. .,
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